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1. Introduction 

Prediction of the thermomechanical behaviour of concrete depends on the adequate knowledge 

of its thermal properties. Specific heat capacity, thermal conductivity and the coefficient of thermal 

expansion (CTE) are the properties that play important roles in the structural behaviour of 

concrete structures (RC) at early ages, especially the massive ones [1], which are particularly 

prone to significant thermal stress development. At early ages, these thermal properties evolve 

with the changes in the microstructure, due to the cement hydration processes. Therefore, an 

understanding of the thermal properties of cement paste can contribute to the prediction of such 

properties for concrete. The evolution of thermal properties in concrete is strongly dependent on 

the change in the thermal properties of cement paste during hydration, which is mainly due to the 

difference between the thermal properties of the hydration product (i.e. Calcium-Silicate-Hydrate 

(C-S-H)) and those of the corresponding reactants. Therefore, understanding and modelling of 

the cement paste hydration process should be the first step in the modelling of the thermal 

properties of cement-based materials like concrete, especially at early ages. 

The thermal properties of concrete depend on three different aspects including environmental, 

structural and compositional aspects [2]. In case of environmental aspects, temperature and 

moisture are the main parameters, which all the thermal properties are dependent on [3-5]. As a 

structural aspect, morphology of concrete material at different length scales has also influence on 

its physical and mechanical behaviour. For instance, crystals show a higher thermal conductivity 

rather than disordered and highly porous medium like concrete material [6]. Clinker composition, 

water-to-cement (w/c) ratio, the existence of supplementary cementitious materials (SCM) and 

the type of aggregates are also effective factors that are counted as compositional aspects [4, 7, 

8]. 

The main contribution of the present work is to combine a numerical homogenization technique 

with hydration kinetics of cement paste, accounting to the structural and compositional aspects in 

order to estimate the thermal properties of concrete material. In this technical report, a multiscale 

numerical modelling strategy is proposed to estimate the thermal properties of concrete from early 

ages in respect with the change in the volume fraction of the cement paste hydration kinetics. The 

thermal properties of concrete are addressed by simulating the concrete material at four different 

scales: nano, micro, meso and macroscale. At each scale, a cubic Representative Elementary 
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Volume (REV) with a periodic boundary condition is considered for the modelling. The numerical 

platform is presented and described. The computational model was validated using some 

experimental data gathered from the literature. Finally, with the aid of the proposed numerical 

platform, a parametric study is carried out to evaluate the effect on the thermal properties of 

concrete of: (i) w/c; (ii) humidity (percentage of water content in porosity); (iii) variation of cement 

paste properties, and (iv) Interfacial Transition Zone (ITZ). 

2. Materials, properties and mix design 

This study focuses on CEM II 42.5R, as marketed in Portugal. The mineral composition of this 

cement was measured by means of a powder X-Ray Diffraction (XRD) technique. The obtained 

mass percentage of the cement is given in Table 1. 

Table 1. Mineral composition of the cement obtained from XRD analysis 

Components C3S C2S C3A C4AF Quartz Gypsum Limestone Anhydrite 

Phase 

concentration (%) 
63.2 2.6 7.6 11.6 0.5 1.7 11.3 1.4 

Cement notation: C3S-Tricalcium Silicate; C2S-Dicalcium Silicate; C3A-Tricalcium Aluminate; C4AF-Calcium Iron 
Aluminium Oxide; Calcium Carbonate-limestone. 

The cumulative particle size distribution (PSD) of cement was measured by using Laser 

Diffraction Spectrometry (LDS). In order to obtain the PSD curve of cement clinker itself, a PSD 

curve of limestone, as a typical SCM, was extracted from the obtained PSD curve for the cement. 

These two curves are plotted in Figure 1. The PSD curves can be fairly defined as a 

Rosin-Rammler function, i.e.,   .1
nb Df D e  , where D is the diameter of the cement particle, 

and b  and n  are coefficients. By employing a curve fitting analysis, the values of 0.052 and 1.00 

were calculated for cement clinker, and values of 0.16 and 2.0 for limestone, for respectively, b  

and n . These values will be used later for construction of the cement paste microstructure. 
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Figure 1. Particle distribution size of cement paste including limestone, and theoretical curves 

for cement clinker and limestone separately 

Additionally, the particle size determination of the aggregates is plotted in Figure 2. The respective 

fitting curves are also shown in this figure, where the values of b  and n  are, respectively, 0.005 

and 2.1 for coarse aggregates and 0.15 and 0.95 for sand aggregates. These values will be used 

later for construction of the mesoscale and macroscale structure of mortar and concrete. 

 
Figure 2. Particle distribution size of sand and coarse aggregates and the respective theoretical 

fitting curves 

Despite the importance of the thermal properties of concrete at early ages, there are a few studies 

in the literature regarding the experimental measurement for the thermal properties of the 

fundamental phases, such as the hydration products. Based on the reported values in the 

literature, typical values of the thermal properties of the main individual components of concrete 
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material are summarized in Table 2, which are used in the modelling in the present study. These 

values correspond to a temperature around 20 ̊C. 

Table 2. Thermal properties of concrete components for the simulation in the present study 

 

Thermal 
conductivity 

   

Specific heat 
capacity 

PC   

Thermal expansion 
coefficient 

(Volumetric) 

Density 
   

W/m.K J/(kg.K) αT×10-6 (1/K) g/cm3 

Clinker  C3S 3.45 [9] 0.69 [9] 49.5 [9] 3.13 [9] 

 C2S 3.35 [9] 0.68 [9] 49.9 [9] 3.31 [9] 

 Average 3.29 0.73 49.6 3.15 

Limestone (saturated) 2.95 [10] 0.92 [10] 24 [10]  2.50 [10] 

CH 1.32 [9] 1.15 [9] 99.1 [9] 2.17 [9] 

C-S-H globules 
(Ca/Si=1.75) 

0.98 [9] 0.84 [9] 45.0 [9] 2.6 [9] 

HD C-S-H – saturated * 0.870 [9] (0.883) 0.86-0.97 [9]  (0.88) 
- 

(45.39) 

- 

(2.18) 

LD C-S-H– saturated * 0.825 [9] (0.830) 0.86-0.97 [9]  (0.90) 
- 

(54.12) 
- 

(1.99) 

Water in gel pores 0.607 [11] 1.13 [12] 356 [9] 1.0 

Water in capillary pores 0.607 [11] 4.18 200 [9] 1.0 

Aggregate (saturated) 3.15 [13] 845 [4] 0.4-10.2** [13] 2.65 

*  The values in the parenthesis obtained from the nanostructure model in the present study (see section 3.1). 
** The value of 5×10-6 is adopted in the present study. 

Difficulties in measuring the properties (particularly at early ages) are challenging, as it is reported 

in the literature [4] - for example moisture affects the properties since they are all moisture 

dependent. This is a reason to the importance of multiscale-based modelling strategies to 

estimate the thermal properties. Recently, an effort is made to determine the thermal properties 

of some hydration products through an atomic modelling level combined with statistical physics 

and a mean-field homogenization theory to determine the thermal properties of some hydration 

products [9]. Most of the values reported in Table 2 for hydration products have been taken from 

this recent study, as cited in the table. 

To establish a multiscale pattern for theoretical estimation of the concrete properties, a concrete 

mix design is necessary to determine the volume percentage of the components. The adopted 

mix design in the present study is the one used in the IntegraCrete research project. The water 

to cement ration is w/c=0.62. The mass weight of the components in a unit cube meter of concrete 
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are given in Table 3. Based on the theoretical density adopted for each component, the 

corresponding theoretical volume is calculated. These values will be used to construct the 

structure of the cement paste, mortar and concrete in the following section. 

Table 3. Concrete mix design and the calculated volume of its components for w/c=0.62 

 Cement water Superplasticizer 
Aggregates 

Sand Coarse 

Practical mix composition (kg) 290 180 2.32 969 928 

Theoretical density (g/cm3) 3.15 1.0 1.18 2.65 

Theoretical volume (m3) 0.09 0.18 0.002 0.366 0.35 

      

3. Numerical strategy to estimate thermal properties 

In this section, the numerical approach to estimate the thermal properties of concrete including 

the thermal expansion coefficient, the specific heat capacity and the thermal conductivity is 

described. The analysis at each length scale is implemented on a Representative Elementary 

Volume (REV). The material phases in REV are simulated by locating randomly the spherical 

particles. In case of the cement paste microstructure, the sphere is a cement particle, for mortar 

mesostructure is a sand particle, and for concrete macrostructure is the random parking of coarse 

aggregates. The details for REVs at each length scale are given later in the next sections. The 

construction of the REVs was made by employing the HYMOSTRUC3D computer software, which 

is mainly developed for modelling of hydration kinetics of cement paste [14, 15]. The software 

uses the vector approach for presenting the spherical geometry [16], therefore, the obtained REV 

has to be discretized in order to be used for the numerical modelling purpose. A computer code 

has been developed in the context of IntegraCrete project to establish an interface between the 

output results from HYMOSTRUC3D and a Finite Element Analysis (FEA) software, which is FEA 

DIANA software [17]. The REVs are discretized with 1x106 smaller cubic voxels of 0.01 unit length, 

meaning that each length of REV is divided into 100 voxels. A single material phase is assigned 

for each voxel, based on the greatest volume fraction of the material that the voxel is representing 

in the original REV. For example, if the voxel is in the boundary of two material phases (e.g. inner 

and outer C-S-H in cement paste microstructure), the voxel represents the material with the higher 
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volume fraction. Each voxel represents a solid finite element. However, no element is assigned 

to the voxel representing air, empty space or pores, unless the latter are filled with water. 

3.1. Thermal conductivity 

The voxels of the discretised REV are considered as eight-node isoparametric solid finite 

elements, for a 3D potential flow analysis. Unit degree of temperature difference is imposed at 

two sides of the REV as shown in Figure 3, and it is numerically solved under a steady state heat 

transfer analysis. The effective thermal conductivity is calculated by 

 eff zq L     (1) 

where zq  is the average heat flux in the plane distanced z , as shown in Figure 3, derived by 

 
r

z zq q   (2) 

where 
r

zq  is the heat flux flowing through phase r  in the plane z  obtained from the output results 

of DIANA FEA. The operator .  denotes volume averaging. The value L  is the length of the REV 

in correspondence to the distance between the two opposite surfaces with a unit degree of 

temperature difference ( 2 1 1.0T T T    ). 

 
Figure 3. Schematic view of numerical calculation of the thermal conductivity on a 

heterogeneous cubic REV 

3.2. Specific heat capacity 

According to the thermo-elasticity, the elastic properties, the heat capacity, and the thermal 

expansion coefficient are correlated [2]. However, the contribution of heat energy to its elastic 
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behaviour can be neglected for cement-based material, meaning that the specific heat at constant 

volume (Cv) can be assumed as equal to the specific heat capacity per unit volume (Cp) [2, 9]. 

Therefore, the effective heat capacity per unit volume ( eff

pC  ) can be derived by 

 
eff r eff

p p vC C C   (3) 

where r

pC  is the specific heat capacity of phase r  in the REV. The same calculation can be made 

to estimate the effective density of the REV, deriving by 

 
r

eff    (4) 

where 
r  is the density of phase r  in the REV. 

3.3. Coefficient of thermal expansion 

The thermal expansion can be defined in terms of a scalar volumetric CTE, being the ratio 

between the volume change within a volume V  and the temperature change in the absence of 

traction in the boundary V [2, 18] (which means that the stresses are assumed as zero): 

  
1

T v

V

V T

 
   

 
 (5) 

and for an isotropic medium, the scalar volumetric CTE is the triple of the linear scalar CTE: 

    3T Tv L
    (6) 

If the temperature increases for a unit degree, then 

  T v

V

V

 
   

 
 (7) 

where the value of V  is the change in the volume of REV for a unit degree of temperature 

difference in all phases. To obtained this volume change, the discretized REV is imported to 

DIANA FEA software. The voxels are considered as eight-node isoparametric solid elements [17]. 

The displacements along x , y  and z  directions are fixed, respectively, at the nodes located at 

the REV square faces with 0x  , 0y   and 0z  . Based on this configuration, the volumetric 

change of the REV is similar to the schematic illustration in Figure 4. The temperature of all 

elements increased for a unit degree in respect with the initial temperature, and the model is 
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solved under a linear elastic analysis. According to the displacement field obtained for all the 

nodes, V is derived by 

    x y zV V L L L       (8) 

with 

 
3V L  (9) 

and x , 
y  and z  are the average displacements of the nodes located, respectively, at the 

REV square faces with x L , y L  and z L . The linear scalar CTE can be derived along each 

direction by 

  T L L


   (10) 

Both linear and volumetric results of CTE are presented later for the REVs at different modelling 

scales. 

 
Figure 4. Schematic view of volume change in a heterogeneous cubic REV with a unit degree of 

temperature difference with respect to the initial temperature 

4. Multiscale definition of concrete 

The heterogeneity of cement-based materials demonstrates itself at different length scales. In 

order to develop an appropriate multiscale modelling scheme, it is essential to consider the spatial 

and temporal scales involved, and how the physical processes and characteristics of the system 

associate with the corresponding scale [19]. A careful definition of relevant length scales can 

clarify any investigation of scale considerations, although such definitions are a matter of choice 

and modelling approach [20]. In general, the length scale in cement-based systems may vary 
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from a nano-level in the order of 109m to a macro-level on the order of 1m for some regional 

applications. A scale grade in cement-based materials is defined and illustrated in Figure 5, which 

consist of four fundamental levels, i.e., nanoscale (gel pore scale), microscale (capillary pore 

scale), mesoscale (cement paste and fine aggregates) and macroscale (mortar and coarse 

aggregates). 

 
Figure 5. Definition of different modelling scales in cement-based materials 

4.1. Nanoscale 

Nanoscale refers to the nanostructure of the main hydration product Calcium-Silicate-Hydrate 

(C-S-H). According to the literature, the C-S-H product forms as high- and low-dense shape, the 

former called HD C-S-H and the later LD C-S-H. The REV nanostructure of LD C-S-H is 

constructed by assuming the random close packing of mono-sized (5nm) C-S-H sphere globules 

(Figure 6 - left). The random close packing of mono-sized is equivalent to “the maximum density 

that a large, random collection of spheres can attain, and this density is a universal quantity” [21]. 

This packing density of mono-sized sphere is about 0.64, which is very close to the packing 

density reported for the LD C-S-H globules [9]. In this study, the code from Skoge et al. [22] is 

used to generate the nanostructure of outer C-S-H, which is based on a molecular dynamics 
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mechanism. The REV nanostructure of the HD C-S-H is also simulated by the close packing of 

mono-sized (5nm) C-S-H globules (Figure 6 - right). For the case of the HD C-S-H, the close 

packing of mono-sized spheres is arranged in a lattice, and not as a random form. The packing 

density is approximately 0.74, which is higher than that of the random close packing, and it is very 

close to the density reported for the HD C-S-H in the literature [9]. 

   
Figure 6. Nanostructure of the LD C-S-H (left) and the HD C-S-H (right) hydration product in 

cement paste 

The discretised REV nanostructures of C-S-H are solved in DIANA FEA under a steady state heat 

transfer analysis and a linear structural analysis as described in Section 3. The results from these 

two analyses are shown in Figure 7 for only the LD C-S-H example. The left side figure shows 

the heat flux along direction z , while the right-side figure shows the maximum deformation field 

of the REV among all the three directions, as an output of the linear elastic analysis for a unit 

temperature variation. By using Eq. (1), the effective thermal conductivity can be obtained. Note 

that the length size of the elements in FE model are arbitrary chosen unitary (1m), however, it 

represents 1nm in a real scale of C-S-H. By using Eqs. (7) and (10), the volumetric and linear 

CTE can be obtained. The heat capacity can be also calculated based on the volumetric averaging 

using Eq. (3). The density of the REVs is calculated by Eq. (4). The results of all calculations for 

the HD and LD C-S-H are presented in Table 2 (those values written in the parenthesis). The 

obtained results are in a good agreement with the results presented by a recent study though an 

atomic modelling [9]. In that study, the volumetric CTE for C-S-H globules was reported as 

45x106, with no distinction between the HD and LD C-S-H. Based on the results in the present 
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study, the values of 45.39x106 and 54.12x106 are calculated for, respectively, the HD and LD 

C-S-H, which will be used later for the cement paste microstructure. 

  
Figure 7. Results of heat flux in direction z (left), and results of maximum deformation field in 

three space directions (right) in the REV nanostructure of the outer C-S-H 

4.2. Microscale 

Microscale refers to the microstructure of cement paste, where the hydration products, cement 

grains and capillary pores are presented. The latest version of HYMOSTRUC3D software [8] is 

used for constructing the cement paste microstructure during hydration. This simulation is 

implemented in a cubic REV volume of the cement paste, where the cement particles are 

modelled as spheres randomly distributed. The initial number and diameter of the particles are 

built in accordance with the PSD curves for the cement clinker grains and for the limestone 

(non-reactant particles). These two curves were plotted in Figure 1. The main cement hydration 

products are the C-S-H and the Calcium Hydroxide (CH). C-S-H is formed as two layers of inner 

and outer products, which are the result of the inward and outward radial growing of the cement 

spheres. The inner layer refers to HD C-S-H, while the outer layer refers to LD C-S-H as described 

previously. The important parameters to be defined in HYMOSTRUC3D for modelling cement 

hydration are minimum and maximum size of the cement particles, REV size, temperature, w/c, 

and two reaction factors that control the speed and progress of hydration. For further details on 

fundamental aspects of the model parameters, the reader is addressed to the studies in [8, 9]. 

The hydration analysis was performed for w/c=0.62 as it is the water to cement ratio in the 
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concrete mix design in Table 3. The curing temperature was set at 20oC. An image of the 

microstructure can be seen in Figure 8, with colour definition of different material phases. 

Table 4. Main model hydration parameters in HYMOSTRUC3D 

Dimensions the REV cube 100×100×100µm3 

Reactant C3S, C2S, C3A, C4AF and gypsum 

Product phases Inner layer C-S-H; Outer layer C-S-H; CH grain; Limestone 

Minimum and maximum particle size 1µm – 70µm 

Temperature 20ºC 

PSD parameters for cement clinker: b , n  0.052, 1.0 (see Figure 1) 

PSD parameters for limestone: b , n  0.16, 2.0 (see Figure 1) 

Hydration parameters: 0 1 2, , ,trk d   * 0.074, 3.0, 1.0, 1.0 

* Details about these parameters are referred to study published by Van Breugel in 1995 [14]. 

A total number of 8 discretized REV microstructures of cement paste are constructed at 8 time 

steps of hydration, which are solved in DIANA FEA under a steady state heat transfer analysis 

and a linear structural analysis, as described in Section 3. The results from these two analyses 

are shown in Figure 9 for the microstructure of cement paste at the last time step corresponding 

to 360h of hydration, with a degree of reaction 0.85  . By using Eqs. (1), (3), (4), (7) and (10), 

the effective thermal conductivity ( eff ), the effective specific heat capacity ( peffC ), the density, 

the volumetric and linear CTE ( T ), and can be calculated respectively. It worth noticing that the 

results of microstructure corresponds to a saturated condition for the cement paste, where all 

capillary pores are assumed filled with water. Later in this study, the effect of losing water from 

the cement paste REV will be investigated. The results for all steps of analysis are written in Table 

5, and plotted in Figure 10. These results are input properties for the mesoscale modelling of 

mortar. 
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Figure 8. Microstructure of cement paste with w/c=0.62 at degree of reaction α=0.85 

 

  
Figure 9. Results of heat flux in direction z (left), and results of maximum deformation field in he 

three space directions (right) in the REV macrostructure of cement paste at α=0.85 

4.3. Mortar 

Mesoscale refers to mortar, which is of the order 104 to 102m. At this scale, the material phases 

are the porous cement paste matrix (microstructure), sand particles (ranging from 0.01-4mm in 

size), and Interfacial Transient Zone (ITZ) between sand particle’s surface and cement matrix, 

which according to the literature ranged between 10-50μm in thickness [23-25]. In order to 

construct the mesostructure of REV for mortar, sand particles are assumed as spheres distributed 

into a cubic volume of 10x10x10mm3. The size and distribution of the sand particles are based 
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on the PSD curve presented in Figure 2 for fine aggregates. Based on the theoretical volume 

calculated in the concrete mix design written in Table 3, the volume ratio between the fine 

aggregates and the cement paste matrix is about 1.35, in which the total volume of matrix and 

sand aggregates in the REV are about, respectively, 42% and 56%. Therefore, a total of 2% of 

REV mesostructure volume is occupied by air voids, which are simulated as “air spheres” rang ing 

from 0.1 to 1mm in diameter. 

 
Figure 10. Evolution of the thermal properties and density of the cement paste, mortar and 

concrete during hydration for a saturated condition corresponding to the concrete mix design 

The ITZ can be considered as the outer layer of sand spheres, which are becoming a volume part 

of the cement paste matrix. ITZ is normally considered as cement paste matrix with a high amount 

of porosity [2]. However, according to the literature the effect of ITZ on the physical properties of 

concrete (e.g. the thermal properties) is not significant [26, 27]. Hence, for the calculation of the 

thermal properties, the presence of ITZ material phases is neglected. Later in the parametric study 

section, the effect due to ITZ is investigated. The constructed REV is discretised by dividing the 
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length of the REV into 100 units, being each voxel with a size of 0.1x0.1x0.1mm3. Therefore, the 

smallest size of fine aggregate that is presented in the REV is 0.1mm. The discretised REV 

mesostructure of mortar is illustrated in Figure 11. The colours distinguish the sand particles (dark 

grey) from the cement paste matrix (light grey). No voxel (or element) is constructed for the “air 

spheres”, which can be seen in the figure.  

 
Figure 11. Mesostructure REV of 10x10x10mm3 of the mortar 

The discretized REV mesostructure of mortar is imported into in DIANA FEA and is solved under 

a steady state heat transfer analysis and a linear structural analysis as described in Section 3. 

The results from these two analyses are shown in Figure 12 for the mesostructure corresponding 

to cement paste properties at a degree of reaction α=0.85. By using Eqs. (1), (3), (4), (7) and (10) 

the effective thermal conductivity ( eff ), the effective specific heat capacity ( peffC ), the density, 

and the volumetric and linear CTE ( T ) can be calculated. By varying the properties of cement 

paste in accordance with hydration progress, the thermal properties of mortar can be calculated 

at each level of cement hydration as written in Table 5, and plotted in Figure 10. These results 

are input properties for the macroscale modelling of concrete. 
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Figure 12. Results of heat flux in direction z (left), and results of maximum deformation field in 

three space directions (right) in the REV mesostructure of mortar corresponding to cement 
paste properties at α=0.85 

4.4. Macroscale 

Macroscale refers to concrete, which is of the order 102 to 1m. At this scale, the material phases 

are the porous mortar (mesostructure) and the coarse aggregates (bigger than 5mm in size). In 

order to construct the macrostructure of REV of concrete, coarse particle are assumed as spheres 

being distributed into a cubic volume of 100x100x100mm3. The size and distribution of the coarse 

particles are based on the PSD curve presented in Figure 2. Based on the theoretical volume 

calculated in the concrete mix design written in Table 3, the volume ratio between the coarse 

aggregate and mortar is about 0.55, in which the total volume of mortar matrix and coarse 

aggregates in the REV are about, respectively, 64% and 35%. Therefore, a total of 1% of REV 

mesostructure volume is occupied by air voids, which are simulated as “air spheres” rang ing from 

1.1 to 15mm in diameter. The constructed REV is discretised by dividing the length of the REV 

into 100 units, being each voxel with a size of 1.0x1.0x1.0mm3. The discretised REV 

macrostructure of concrete is shown in Figure 13. The colours distinguish the coarse particle 

voxels (dark grey) and mortar voxels (light grey). No voxel (or element) is constructed for the “air 

spheres”, which can be seen in the figure. 
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Figure 13. Macrostructure of the concrete REV of 100x100x100mm3 including the coarse 

aggregates and the mortar 

  
Figure 14. Results of heat flux in direction z (left), and results of maximum deformation field in 

three space directions (right) in the REV macrostructure of concrete corresponding to the mortar 
with cement paste matrix at α=0.85 

The discretized REV macrostructure of concrete is solved in DIANA FEA under a steady state 

heat transfer analysis and a linear structural analysis as described in Section 3. The results are 

shown in Figure 14 for the macrostructure corresponding to mortar properties at a degree of 

reaction α=0.85 for the cement paste matrix. By using Eqs. (1), (3), (4), (7) and (10), the effective 

thermal conductivity ( eff ), the effective specific heat capacity ( peffC ), the density, and the 
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volumetric and linear CTE ( T ) can be calculated. By varying the properties of mortar the thermal 

properties of concrete can be calculated as written in Table 5, and plotted in Figure 10. 

Table 5. Thermal properties obtained from the modelling for cement paste and mortar 

 

Time of hydration 
and 

Degree of reaction 
α (%) 

Thermal 
Conductivity 

   

Specific  
heat capacity 

PC   

Thermal expansion 
coefficient (CTE) 

αT  ×10-6 (1/K) 

Density 
   

linear 
volume 

(W/m.K) J/(kg.K) x   y   z   kg/m3 

Cement paste * 
(CEM IIA/L42.5R)  
w/c = 0.62 

5 hr, α=7 1.150 2026 8.50 9.01 9.04 26.55 1717 

20 hr, α=39 1.032 1889 20.22 19.37 20.32 59.91 1719 

40 hr, α=57 0.973 1839 21.64 20.23 20.48 62.35 1709 

80 hr, α=70 0.932 1792 21.91 20.62 20.98 63.51 1706 

120 hr, α=75 0.917 1772 22.05 20.65 21.12 63.83 1705 

170 hr, α=78 0.906 1757 22.00 20.95 21.15 64.24 1705 

240 hr, α=82 0.895 1742 21.99 21.07 21.18 64.24 1705 

360 hr, α=85 0.886 1727 21.95 21.14 21.24 64.34 1706 

Mortar ** 
w/c = 0.62 

5 hr, α=7 1.50 1339 6.52 6.52 6.53 19.57 1843 

20 hr, α=39 1.45 1282 9.10 8.42 8.49 24.50 1844 

40 hr, α=57 1.42 1259 11.45 11.40 11.38 34.05 1839 

80 hr, α=70 1.40 1239 11.48 11.43 11.41 34.15 1838 

120 hr, α=75 1.38 1231 11.52 11.45 11.42 34.25 1837 

170 hr, α=78 1.34 1224 11.50 11.47 11.48 34.27 1837 

240 hr, α=82 1.33 1218 11.48 11.49 11.50 34.30 1837 

360 hr, α=85 1.33 1213 11.50 11.50 11.52 34.52 1838 

Concrete *** 
w/c = 0.62 

5 hr, α=7 1.81 1074 5.67 5.81 5.72 17.12 2000 

20 hr, α=39 1.76 1053 6.21 6.24 6.30 19.05 1999 

40 hr, α=57 1.73 1045 7.05 7.15 7.12 21.52 1999 

80 hr, α=70 1.72 1038 7.39 7.43 7.51 22.43 1998 

120 hr, α=75 1.70 1033 7.52 7.51 7.62 23.72 1997 

170 hr, α=78 1.70 1031 7.53 7.53 7.63 23.86 1997 

240 hr, α=82 1.69 1029 7.55 7.54 7.81 24.01 1997 

360 hr, α=85 1.69 1026 7.59 7.60 7.83 24.06 1997 

*   The values reported from modelling of the microstructure of cement paste during hydration; 
**  The values obtained from the mesoscale modelling of mortar with the same cement type; 
*** The values obtained from the macroscale modelling of concrete with the same mortar and cement paste.  

5. Validation of the model 

Validation of the model will be made for the case of the specific heat capacity and the thermal 

conductivity. In Figure 15 the obtained numerical results in terms of the effective thermal 

conductivity are compared to the results from recent studies in the literature [7, 28-31] for w/c 
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ratios of 0.3 and 0.4, at different hydration times. It should be noted that the experimental results 

are collected only for saturated cement paste samples, and that the data is not necessarily 

correspondent to the same type of cement. Despite the observable scatter in the data obtained 

from the literature, the simulation lies within acceptable margins in regard to experimental data. 

In the same figure, a comparison is also made between the simulation results and some few data 

in the literature [7, 29, 32] in terms of the specific heat capacity per mass unit of cement paste. 

The specific heat capacity per unit mass is calculated in accordance with the density estimated 

with the model using the discretized REV microstructure. The measurement of thermal properties 

of the exact cement type simulated in the present paper is still an ongoing process, and cannot 

yet be communicated herein. 

 

 
Figure 15. Comparison between the experimental and numerical results 

6. Parametric study 

With the aid of the multiscale numerical platform proposed in the previous sections, a parametric 

study is carried out hereafter in order to evaluate the effect of  

1) water to cement ratio; 

2) humidity (percentage of water content in porosity); 

3) variation of cement paste properties; 
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4) Interfacial Transition Zone (ITZ) on the thermal properties of concrete 

6.1. Effect of w/c 

The effect of w/c ratio on the thermal properties of cement paste is plotted in Figure 16. While the 

specific heat capacity and the CTE increase by increasing w/c ratio, the thermal conductivity 

decreases. Both are in agreement with the experimental results from the literature [2]. The results 

in this section belong to the saturated condition. The change may be different when the dried 

cement paste is purposed for the simulation. 

 
Figure 16. Effect of w/c on the effective thermal conductivity, on the specific heat capacity per 

unit mass, and on the volumetric CTE of cement pastes 

6.2. Effect of humidity 

One of the important aspects on measuring the thermal properties of the concrete is related to 

the humidity of the material, present in the porosity at different scales including gel water, 

inter-hydrate water and capillary water. In order to investigate the humidity effect on the thermal 

properties, four different levels of water content in the cement paste microstructure are 

investigated. For this purpose, a computer code is developed in order to randomly replace the 

pore voxels in the REV microstructure by empty spaces, representative of the water lost in the 

microstructure. This water loss continues until reaching a desired amount of humidity in the REV. 

For example, 25% humidity refers to the loss of 75% of the total water volume (or water mass) 

from the microstructure, meaning that the material properties of 75% of the pore voxels are 

changed by the properties of air for the steady state heat analysis, and the corresponding finite 

elements are thus eliminated for the structural analysis. Figure 17 shows, as an example, a slice 

of a cement paste microstructure with different levels of water content in the capillary porosity, 

w/c = 0.30

w/c = 0.40

w/c = 0.50

w/c = 0.62

1000

1250

1500

1750

2000

C
p

ef
f (

J/
k

g
 K

)

w/c = 0.30

w/c = 0.40

w/c = 0.50

w/c = 0.62

0.50

0.75

1.00

1.25


ef

f (
W

/m
 K

)

w/c = 0.30

w/c = 0.40

w/c = 0.50

w/c = 0.62

50

55

60

65

70

C
T

E
 (


T
) 

(1
/ 

K
 x

1
0

-6
)



 

 

 

 

  União Europeia – Fundos Estruturais    Governo da República Portuguesa 

Page 22 

from fully saturated to fully dried microstructures. However, with this strategy only the loss of 

capillary water is presented. In reality, the loss of water occurs at the levels of both capillary and 

gel pores. In order to have a more realistic strategy, the same water loss strategy is implemented 

for the nanostructure of C-S-H, where the gel water is presented. Therefore, if the REV 

microstructure of cement paste loses 75% of its water at the capillary pore level, the C-S-H phases 

in this REV correspond to the nanostructure with 75% of water lost at gel pores for both HD C-S-H 

and LD C-S-H. The variation of the thermal properties of the nanostructure of HD C-S-H and LD 

C-S-H versus the humidity are plotted in Figure 18. These values are the input for the REV 

microstructure of the cement paste with different humidity levels. It is worth noticing that the 

specific heat capacity of both HD C-S-H and LD C-S-H reaches the same value 850J/kg.K-1 at 

0% water content at gel pores. This proves the accuracy of the analysis because with no water, 

the model for both HD C-S-H and LD C-S-H has to present the same specific heat capacity of the 

C-S-H globules. The obtained value is very close the reported value of 840J/kg.K-1 for C-S-H 

globules (with Ca/Si=1.75) in the literature, as written in Table 2. 

 

     
Fully saturated 25% dry 50% dry 75% dry Fully dry 

Figure 17. Slice examples of cement paste microstructures from fully saturated to fully dried 

 
Figure 18. Variation of thermal properties of C-S-H hydration product by changing the 

percentage of water content 

The variation of the thermal properties of the cement paste (with w/c=0.62) versus its humidity is 

plotted in Figure 19. All the thermal properties of the cement paste tend to decrease by decreasing 
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the humidity of the material. As it can be observed from the results, the thermal conductivity is the 

property that is most influenced. The effective thermal conductivity at fully dried samples 

decreases about 50% from its value at the saturated level. The decrease for the volumetric CTE, 

the density and the specific heat capacity are 14%, 30% and 41%, respectively. The decrease in 

the density can represent the total amount of porosity in the cement paste microstructure for 

w/c=0.62, as also obtained by HYMOSTRUC3D. 

 
Figure 19. Variation of some thermal and physical properties of the cement paste by changing 

the percentage of water content 

6.3. Effect of ITZ 

According to the literature, thermal properties of concrete are not much influenced by the ITZ. 

The significant difference between the ITZ and the “core cement paste matrix” (the matrix in the 

space between fine aggregates) present in the mortar mesostructure is of about 5 to 10% in 

porosity. This may affect the mechanical properties, but not much the physical properties. In order 

to investigate this effect, the REV mortar mesostructure is constructed by considering a layer of 

ITZ at the outer surface of the fine aggregates. However, since the average reported thickness 

for ITZ is about 20μm [24, 26], the discretised REV mesostructure in Section 4.3 has to be refined. 

This requires each side of the REV to be divided into 500 units, in order to get the smallest voxel 

0.02mm to be able to represent the ITZ thickness. This division gives 125x106 finite elements, 

which is practically impossible to be handled computationally. Therefore, the size of total REV 

mesostructure of mortar is decreased to 2x2x2mm3. In this case, 100 unit divisions can represent 
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the ITZ thickness. However, the ITZ is limited to be associated to only those fine aggregates the 

size of which ranges from 0.1mm to 1mm. This REV is shown in Figure 20, where the ITZ around 

the fine aggregate spheres is represented in red colour.  

 
Figure 20. Mesoscale of a 2x2x2mm3 REV of mortar, considering ITZ voxels around the sand 

ranging between 0.1mm and 1mm 

The ITZ is usually considered as cement matrix with a higher amount of porosity [2], comparing 

with the core cement matrix. The definition of ITZ properties has to be defined based on relevant 

material tests. In the lack of data from such tests, and also with the intention to verify only the 

effect of ITZ on the thermal properties, the thermal properties of ITZ are defined as a percentage 

of the thermal properties of the cement paste matrix. For the thermal conductivity, ITZ is assumed 

to have a value ranging from 5 to 30% of the thermal properties of the cement paste matrix. For 

the specific heat capacity and CTE, ITZ is assumed with values ranging from 5 to 30% of the 

thermal properties of the cement paste matrix. 

The discretized 2x2x2mm3 REVs of mortar with ITZ material phases are solved in DIANA FEA 

under a steady state heat transfer analysis, and a linear structural analysis as described in Section 

3. By using Eqs. (1), (3), (7) and (10), the effective thermal conductivity ( eff ), the volumetric and 

linear CTE ( T ), and the effective specific heat capacity ( peffC ) can be calculated. The variation 

of the thermal properties of the REV mesostructure of mortar is plotted versus the different ITZ 

thermal properties, which are the percentage of the thermal properties of cement paste matrix. 

The maximum variations in the thermal properties of mortar with 30% difference in the thermal 
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properties of ITZ and the cement paste matrix are 7.8%, 1.9% and 7% for, respectively, the 

specific heat capacity, the thermal conductivity and the volumetric CTE. 

 
Figure 21. Variation of the thermal properties of mortar with and without considering the ITZ 

(superscript “CP” represents “Cement Paste”) 

6.4. Effect of variation of cement paste properties in concrete 

Figure 22 illustrates how variations in cement paste thermal properties of 15% influence the 

estimations of the mortar and concrete thermal properties. In the cases studied here (especially 

with the volume fraction of aggregates adopted in the concrete mix design), incertitude of ±15% 

in the determination of the thermal properties of the cement paste induce variations of ±8.5% and 

±4.5%, respectively, on the thermal conductivity of mortar and concrete. For the heat capacity, 

the variations in mortar and concrete are around ±9% and ±5%, respectively. For the volumetric 

CTE, the variations in mortar and concrete are of about ±11% and ±5%, respectively. These 

results suggest that even with the lack of data about the thermal properties of the cement paste 

constituents, a certain degree of confidence can be obtained in the estimations of concrete 

properties provided that the properties of aggregates are well controlled. 
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Figure 22. Variation of 15% in the thermal properties of cement paste on the thermal properties 

of mortar and concrete 

7. Summary and conclusion 

In this technical report, the thermal properties of concrete at early ages namely, the specific heat 

capacity, the thermal conductivity and the CTE, are estimated by means of a numerical 

homogenization tool that accounts for the material Representative Elementary Volume (REV), in 

combination of a multiscale definition of concrete at four different scales including: C-S-H 

nanostructure, cement paste microstructure, mortar mesostructure and finally macrostructure of 

concrete. Estimations of the thermal conductivity and specific heat capacity were in the range of 

the observed experimental results found in the literature, and decrease with the degree of 

hydration (or time). However, the CTE shows increasing tendency to reflect the growth of the 

degree of hydration. No validation is made in the present study for CTE. The conductivity 

decreases with the w/c, while the specific heat capacity and the CTE increases. All the thermal 

properties are sensitive to the amount of humidity in the material, and showed a decreasing trend 

by losing water from the microstructure of cement paste. This is much pronounced for the thermal 

conductivity, which shows a 50% decrease in fully dried conditions. The lowest effect of humidity 

was observed for the CTE, which decreased by only 14% in fully dried conditions. 

Only small differences are observed in the estimations of the thermal properties of mortar and 

concrete in scenarios accounting for, or neglecting, the ITZ. The evaluation was made for a 

specific concrete mix design present in this study. Future research is needed to better define the 

ITZ characteristics, as well as its role on the thermal properties of mortar and concrete. 

Further effort needs to be undertaken to validate in a more comprehensive and suitable way the 

modelling approach developed here, using a more exhaustive experimental campaign. 
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